Both neem extract and azadirachtin are widely used in agriculture as organic pesticides because they are nontoxic to humans, animals, and the environment. However, their effects on soil microorganisms and plant growth-promoting rhizobacteria (PGPR), which directly affect soil quality, remain largely unexplored. In this study, the effects of neem extract and azadirachtin on the activity of soil microbes and rhizosphere microorganisms was evaluated. We found that 0.1 and 0.4 gmL -1 of the extract and 1.25 and 2.5 µgmL -1 of azadirachtin inhibited the activity of soil microorganisms in vitro. Treating soil with azadirachtin for two months reduced the number of microorganisms present, while two months of treatment with neem extract increased the number of microorganisms in both the soil and the rhizosphere. The phytopathogenic bacterium Pectobacterium carotovorum was more resistant to azadirachtin than Rhizobium sp. Moreover, treatment of mung beans with neem extract or azadirachtin reduced the number of root nodules and Trichoderma asperellum in the rhizosphere, when compared to the control.
Introduction
Neem (Azadirachta indica) extract is cost-effective and environmentally friendly, and is therefore widely used as a means of controlling agricultural pests.
Neem extract is composed of a complex mixture of molecules, including normal hydrocarbons, phenolic compounds, terpenoids, alkaloids, and glycosides (Hossain et al., 2013) . These molecules act on various phases of an insect's life cycle, making it difficult for pests to resist the physiological effects of neem extract (Mordue-Lunt Z and Nisbet, 2000) .
Azadirachtin is the main active ingredient of neem extract, and has antifeedant and toxic effects on insects (Morgan, 2009) . Azadirachtin, extracted from neem oil, is both cheap and readily available on the market.
When used as an insecticide or for protecting stored seeds intended for consumption, neem extract and pure azadirachtin are both considered nontoxic to beneficial organisms such as earthworms, and safe for human consumption (Khalid and Shad, 2002; Boeke et al., 2004) . Moreover, reports show that the use of neem extract is an effective means of controlling mosquito larvae, aphids, and whitefly (Aliero, 2003; Nzanza and Mashela, 2012 (Sukanya et al., 2009; Al-Hazmi, 2013; Jain et al., 2013) . However, the effects of neem extract on soil microorganisms and plant growth-promoting rhizobacteria (PGPR) are not yet well understood.
Soil microorganisms play a crucial role in ecosystem processes, including the decomposition of organic matter and the cycling of major plant nutrients (Madigan et al., 2011) . The variety of microorganisms present in a particular soil is usually an indicator of soil quality. Soil microbial biomass is a source of nutrients for plants, and is often highly correlated with the organic matter content of a soil (Pankhurst et al., 1995) . PGPR, a type of bacterium inhabiting soil at and around the root surfaces (i.e., rhizosphere), promotes plant growth. Some PGPRs increase plant N or P uptake, or modulate plant hormone levels (Mohite, 2013; Etesami et al., 2014; Yadav and Verma, 2014) .
Other PGPRs can indirectly inhibit plant pathogens or activate induced systemic resistance (ISR) pathways (Parikh and Jha, 2012; Ahemad and Kibret, 2013 (Stajkovic et al., 2011) . Trichoderma sp. is widely used as abiocontrol agent against phytopathogens, as it produces an enzyme that degrades cell walls, as well as antibiotics and secondary metabolites that inhibit the growth of phytopathogenic fungi (Vinale et al., 2008) .
Land use and plant community composition can affect the composition of soil microbial communities (Waldrop et al., 2000) . Okur et al., (2010) studied the effects of two organic pesticides, Drimia maritima and Euphorbia myrsinites extracts, on key processes of soil ecology. It was found that D. maritima and E. myrsinites extracts have different effects on soil microbial biomass and activity. In this study, the effects of neem extract and azadirachtin on rhizosphere and soil microorganisms were investigated from a similar perspective. The extract's possible antimicrobial activity on soil microorganisms, plant growthpromoting microorganisms, and phytopathogens were also studied. The effects of neem extract and azadirachtin on the root nodules of mung beans and the Trichoderma population in the rhizosphere were also investigated.
Materials and Methods
Neem (Azadirachta indica var. siamensis) leaves were surface-sterilized with 5% NaOCl for 10 minutes, then washed five times with sterile water.
The leaves were then ground and sterile water was added to achieve the desired concentration. Then, the extract was filtered through four layers of gauze and boiled for 10 minutes. To test its sterility, one milliliter of extract was used to inoculate poured After incubation at 30 °C for 1 day, the CFU on the NA and PDA plates were counted.
The effects of neem leaf extract and azadirachtin on rhizosphere microorganisms, plant growth, and mung bean root nodules
The effects of the neem extract and azadirachtin on microorganisms in the rhizosphere were studied using mung bean as a model plant, because it is an economic plant and easy to cultivate, and any changes in the formation of root nodules by Rhizobium sp.can be easily observed. In a greenhouse, the mung beans were sown in one hundred and twenty 500-mL pots, half of which contained CS soil and the other half contained BS soil. Sixty pots were divided to five groups (twelve pots each). Then, once a week for a period of two months, the pots were treated with 50 mL of either neem extract or azadirachtin, at different concentrations as described above. Pots that were used as a control were treated with sterile water. The plants were uprooted after two months. Rhizosphere soil was collected by shaking the roots gently and collecting a sample of the soil that remained stuck to the roots. The roots were then washed and blotted with a tissue to absorb the remaining water. Finally, shoot height, root length, shoot weight, and root weight were measured. The suitable rhizosphere soil dilutions were used to inoculate poured NA and PDA plates. After incubation at 30 °C for 1 day, the number of CFU on the NA and PDA plates was counted. of neem extract or azadirachtin was applied.
The potential for the in vitro antimicrobial
The inhibition zone was observed after incubation for 24 hours (for bacteria), or 4-5 days (for fungi).
The effects of neem extract and azadirachtin on
Trichoderma in rhizosphere T. asperellum spores were mixed with sterile CS soil at a final concentration of 106 spores L -1 soil. Mung bean seeds were planted in the mixed soil. After two weeks, the plants were treated with various concentrations of either the neem extract or azadirachtin for two months, as described above. After two months, the plants were uprooted and the rhizosphere soil was collected. Suitable rhizosphere soil dilutions were used to inoculate poured plates of Trichoderma-specific medium (Williams et al., 2003) . The plates were then incubated at 30 °C for 10-15 days. Finally, the number of Trichoderma colonies was counted.
Statistical analysis
The data were analyzed by analysis of variance (ANOVA), and the treatment means were compared using a Fisher's Least Significant Difference test (LSD) at a significance level of 0.05.
Results

The effects of neem extract and azadirachtin on soil microorganisms
The effects of neem extract and azadirachtin on soil microorganisms were tested in vitro by inoculate poured NA and PDA plates with soil suspension. Both of the NA and PDA plates were mixed 1.25 or 2.5 µgmL -1 azadirachtin or 0.1 or 0.4 gmL -1 neem extract. We found that, for both CS and BS, the plates mixed with azadirachtin at any concentration contained significantly fewer microorganisms than the control plates did (Table 1) . Similar results were obtained with the neem extract. These results
show that both azadirachtin and the extract exhibit antimicrobial activity that suppresses the growth of soil microorganisms. In addition, we found that two months of supplementation with 1.25 or 2.5 µgmL -1 of azadirachtin had a significant negative impact on the microorganisms in both soils (Table 1) We also observed the growth of mung bean plants treated with either azadirachtin or neem extract.
We found that in BS pots, plants treated with 0.4 gmL -1 neem extract had root lengths, shoot lengths, and root weights similar to those of the control (Table 2) . However, the mung bean shoot and root The number of root nodules that formed on treated mung beans was also observed. The results in Figure 2 show only the number of root nodules on mung beans in BS pots, since the number of root nodules on plants in CS pots was too few to be counted and compared to the control. These results show that mung beans treated with either azadirachtin or neem extract exhibited suppressed root nodule formation compared to the control. The effects of neem extract and azadirachtin on soil microorganisms indicate that there were significant differences (p<0.05).
The potential for neem extract or azadirachtin to exert antimicrobial effects on phytopathogens and plant growth-promoting microorganisms in vitro
We investigated thee ffects of neem extract and azadirachtin on phytopathogens and plant growth-promoting microorganisms, and attempted to identify whether they exhibit antimicrobial activity. Azadirachtin and neem extract were tested for antimicrobial activity usingagar well diffusion method. Azadirachtin applied at concentrations of 0.4 mgmL -1 or more resulted in late sporulation only in T. asperellum (data not shown).
The effects of neem extract and azadirachtin on Trichoderma in the rhizosphere
We investigated whether neem extract and azadirachtin can reduce the amount of Trichoderma in therhizosphere.
The rhizosphere soil of treated mung beans was used to conduct plate counts on Trichoderma-specific medium.
We found that neem extract and azadirachtin treatments at any concentration significantly reduced the amount of T. asperellum in the rhizosphere (Figure 3) . However, the root length, shoot length, root weight, and shoot weight of the treated mung beans in this study were not significantly different (data not shown). These results might imply that the colonization of mung bean roots by T. asperellum was reduced in treated plants. and Sclerotinia sclerotiorum (which causes Sclerotinia, or white mold disease, in most vegetables) (Moslem and El-Kholie, 2009; Hassanien et al., 2010; Al-Hazmi, 2013) . In this study, the extract was also shown to inhibit the growth of soil microorganisms in vitro (Table 1) . However, among the soil and phytopathogenic microorganisms tested in vitro, the extract only inhibited the growth of B. megaterium (Table 3) . This is likely because the neem extract used in this study was water-based, and some potentially antimicrobial compounds are water-insoluble. AlHazmi (2013) found that alcohol extracts of neem seeds could efficiently inhibit phytopathogens such as Pythium aphanidermatum, Alternaria alternata, and Helminthosporium sp. However, the neem seed extract created using a water extraction process was a poor inhibitor of the same phytopathogens.
Azadirachtin inhibited a wider variety of soil and phytopathogenic bacteria than did the neem extract.
This difference may be due to the small amount of azadirachtin in the neem leaf extract. It has been reported that while a small amount of azadirachtin is found in neem leaves, the compound is abundant in neem seed oil (Morgan, 2009) . Alves et al. (2009) reported that azadirachtin could not be found in hy- The antimicrobial activity of azadirachtin and neem extract on microorganisms in both BS and CS pots was relatively similar (Table 1 and (Table 2) . This was correlated with the size of the microbial rhizosphere community (Figure 1 ), and could be because some plant growth-promoting microorganisms were inhibited by azadirachtin. This is supported by evidence from our previous study, which also showed that plant growth varies with the prevalence of rhizosphere microorganisms (Sarawaneeyaruk et al., 2014) .
We found that phytopathogens such as P. carotovorum resisted the effects of azadirachtin more strongly than The effects of neem extract and azadirachtin on soil microorganisms plant growth-promoting bacteria such as Rhizobium sp. (Table 3) . Furthermore, the sporulation of T. asperellum was delayed by treatment with 0.4 mgmL -1 or more of azadirachtin, though the same was not true for F. Oxysporum (data not shown). Additionally, T. asperellum prevalence in the rhizosphere and root nodules was significantly reduced when plants were treated with 1.25 or 2.5 µgmL -1 azadirachtin (Figure 2 and 3) .
These results suggest that the use of azadirachtin in agriculture suppresses some plant growth-promoting bacteria, resulting in the loss of phytopathogen control or an imbalance of microbial soil ecology, eventually leading to the increased prevalence of various plant diseases. Additionally, in the BS pots, plants treated with 2.5 µgmL -1 azadirachtin had lighter roots and shoots than the control (Table 2) . Similarly, the amount of root nodules and T. asperellum in the rhizospheres of plants treated with neem extract was less than that of the control (Figure 2 and 3) . This also suggests that neem extract suppresses the growth of some plant growth-promoting bacteria. However, the long-term use of neem extract enhanced the growth of microorganisms in the soil and rhizosphere (Table 1 and Figure 1 ). This implies that, in agricultural usage, neem extract was safer for the soil ecosystem than azadirachtin.
Conclusions
Azadirachtin and neem extract are widely used in agriculture to control insect populations. This study found that both azadirachtin and neem extract usage reduce the number of root nodules on mung bean plants, as well as the T. Asperellum population in the rhizosphere. Azadirachtin in particular reduced the populations of soil and rhizosphere microorganisms.
Therefore, the use of azadirachtin and neem extract should be supplemented with organic fertilizer or the application of effective microorganisms (EM).
